I. INTRODUCTION
Recent studies from the Federal Communications Commission (FCC) have shown that several licensed bands have a low utilization. As a result, the FCC is encouraging the use of cognitive radio (CR) technology to implement opportunistic spectrum sharing. Further, the FCC has allowed the operation of the CR devices in the ultra high frequency (UHF) television (TV) bands under the condition that they do not cause harmful interference to the operation of the primary users [1] . The primary users in this band are the TV transmitter-receiver pairs and the wireless microphone systems. This paper assesses the effect of the CRs on the low power primary users, using the wireless microphone systems as an example. The results hold for any general system where the primary transmitters are low power devices and have a short communication range relative to the CR communication range.
The wireless microphone system consists of a small number of transmitters or wireless microphones (WM) and a central receiver (WMR). These WMs transmit weak signals over arbitrary unused TV bands and are in general, temporary deployments with short deployment time. These characteristics demand the need for dynamic local spectrum sensing at the CR to detect the presence of transmissions by such primary users. Spectrum sensing schemes based on Radio Environment Map (REM) have been discussed in [2] , [3] . Further, the installation of beaconing devices near the WMs have been proposed and discussed in detail in [4] , [5] . In this paper, these ideas are used in the modeling of the wireless microphone systems and the CR devices for the analysis of the interference at the WMR.
Modeling of CR devices as being distributed according to a Poisson point process and a characteristic function based interference analysis at the licensed receiver have been considered in [6] , [7] , [8] . In this paper, the CRs are modeled to be distributed in both one dimension (1-D, Section III) and two dimension (2-D, Section IV) according to a Poisson point process and a characteristic function based interference analysis at the WMR is considered. The need for an explicit analysis in 1-D case is emphasized because in a global radio environment map scheme [2] , [3] , there exists a central entity that contains the GPS coordinates of all the CR devices, collects the details of the primary user operations from each of the CR device and instructs each CR device about its transmission parameters. In a typical highway scenario, the wireless microphone system and the CR devices tend to lie along a line, and the 1-D interference analysis helps the central entity to better decide what the transmission parameters of a CR device needs to be. In addition to this practical significance, the 1-D analysis helps gain insight into the problems for the system modeled in 2-D.
In [9] , the notion of cooperative spectrum sensing for detecting the wireless microphone system is explored and, with the help of Monte-Carlo simulations, partial cooperation (PC) between the CR devices has been shown as a middle ground that achieves good interference avoidance at the WMR as well as efficient spectrum usage by comparing it with schemes where there is no cooperation (NC) between any CR device and one where there is full cooperation (FC) between every CR device in the network. In this paper, these schemes are further explored using the characteristic function based interference analysis at the WMR.
The main contributions of this paper are shown in Table I . Using the characteristic function, the service reliability at the WMR defined as the probability that the carrier-to-interference ratio 1 The characteristic function based analysis help clearly identify the relationship between the service reliability and the system parameters. Hence, the CR can make accurate decisions about its transmission parameters based on the instantaneous system parameters. The analysis in this paper shows that the transmission power of a CR device in a 1-D scenario may be significantly higher than that in a 2-D scenario for a given service reliability at the WMR. Further, it is shown that the effect of power control, shadowing and small scale fading on the interference analysis may be completely captured within the density parameter of the Poisson process used to model the distribution of the CR devices and no exclusive analysis for such cases is required. Also, the cases when the CRs are narrow-band devices as well as when they spread their signals over the entire available bandwidth are captured as special cases of the analysis presented. The next section describes the system model in detail.
II. SYSTEM MODEL
In this section, the details of the primary users, the CR network, cooperative sensing schemes, radio environment and the performance measure are briefly explained.
Each wireless microphone system consists of a single wireless microphone receiver (WMR) that receives signals from one or more wireless microphones (WM). The communication range is a set of all points within a distance R 0 from the WMR. The WMs are distributed uniformly randomly in this set. Without loss of generality, the WMR is assumed to be located at the origin. The communication range is (−R 0 , R 0 ) in 1-D and a disk with center at the origin and radius R 0 in 2-D. The CR devices are modeled as being distributed according to a homogeneous Poisson point process (HPPP, [10, Definition 2.1.2, Page 32]) with a density λ CRs/unit length along the entire x-axis in 1-D, and as a 2-D Poisson point process with density λ CRs/unit area in the 2-D case as in [6] , [7] , [8] .
The primary user detection based on sensing transmissions from the WM is called WM detection and that based on sensing the beacons sent by the WMR is called the WMR detection. The detection range is the maximum separation beyond which the CR cannot sense the primary user, and is denoted by R d for the WM detection and R b for the WMR detection. Three schemes of cooperative primary user sensing are considered here, namely, no cooperation (NC), full cooperation (FC) and partial cooperation (PC). In NC, the CRs independently sense the channel for the primary user, and switch to a different frequency band if they are within the detection range; or transmit otherwise. The interference analysis in [6] , [7] , [8] are restricted to this scheme in 2-D. The detection range is restricted by the hardware at the primary user and is small for low power primary users. As λ increases, the interference due to CR transmissions adversely affects the primary user communications. Hence, cooperation between CRs is introduced to improve primary user detection and avoid CRs that cause harmful interference. Now, FC is a conservative scheme where even if one CR senses the primary user, all the CRs in the network are informed and they switch to a different spectrum. In PC, all the CRs that detect a primary user inform all the CRs that are within R CR from them (cooperation range) to switch to a different frequency band, and this information does not propagate any further. Hence, NC is a special case of PC with R CR = 0 and FC is the case when R CR → ∞.
The received power at the WMR from each transmitter is modeled as P = KΨ R ε , where K captures the transmission power of the transmitter and antenna gains at the transmitting and receiving ends, R represents the separation between the transmitter and the receiver, ε represents the path-loss exponent for the path-loss modeled by a power law, and Ψ represents the independent and identically distributed (i.i.d.) random factor that captures shadowing and/or small scale fading. Here, K T (K CR ) represents the transmission gain and ε 1 (ε 2 ) represents the path-loss exponent at the WM (CR).
The performance metric of interest is the carrier-tointerference ratio C I at the WMR. The numerator is the received signal power corresponding to the WM transmission (C) and the denominator is the sum of the received signal powers from all the interfering CRs (I). It is assumed that the wireless microphone system consists of a WMR and only one WM. Given a required threshold on the C I at the WMR, say y, the complement of the cumulative density function (c.d.f.) of C I at the WMR evaluated at y is the service reliability. In the 1-D analysis, the distribution of the CRs along the entire x-axis according to a HPPP with density λ is equivalent to two independent HPPPs with density λ defined in the positive and negative x-axis respectively. Then, I = I + + I − , where I + and I − represent the total interference power at the WMR from the positive and negative x-axis respectively. The service reliability conditioned on the separation between the WM and the WMR (X = x) is P ser (x) = P 
and is obtained by exchanging the integral involving the Here, the characteristic function of the interference at the WMR with the CR network and the wireless microphone system in 1-D is considered for all the combination of the primary user detection methods and cooperative sensing schemes. The following theorem helps such an analysis.
Theorem 1: With the CRs placed according to a HPPP with a linear density λ along the positive x-axis such that the CRs having a transmission gain of K transmit in a channel with path-loss that follows an inverse power law distribution with an exponent ε, the characteristic function of the total interference (I) at the WMR at the origin due to the CRs beyond R from the WMR is
Proof: Here, I is the total interference due to all the CRs in (R, ∞). Define Bernoulli random variable X i for every incremental length (r i , r i + Δr) where r i ∈ [0, ∞) on the positive x-axis such that
where {X i } is a set of independent random variables defined above. The characteristic function of I exists when ε > 1 and is obtained by using the same steps as in the proof of [11, Theorem 1] .
A. WMR Detection
Here, the CRs detect the WMR beacons. The characteristic function of total interference at the WMR due to the CRs for NC, FC and PC, denoted by I NC,WMR , I FC,WMR and I PC,WMR are derived when the CRs detect the beacons. 
where a = − This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE Globecom 2010 proceedings. (ω) with the empirical c.d.f. of I W MR,P C obtained through Monte-Carlo simulations, but is discounted here due to space constraints. Fig. 6a can also be used to assess the tightness of the upper bound.
B. WM Detection
Now, WM transmissions are used for primary user detection and the characteristic function of total interference at the WMR due to the CR network for NC, FC and PC, denoted by I NC,WM , I FC,WM and I PC,WM are obtained.
Under NC, all the CRs that are beyond R d from the WM contribute to I NC,WM , as depicted by the shaded region in Fig. 3 
IV. INTERFERENCE ANALYSIS IN 2-D
In this section, the interference analysis at the WMR for the CR network and the wireless microphone system in 2-D is considered. As in the 1-D case, the expressions for the characteristic function at the WMR are derived for all the combinations of primary user detection and the CR cooperation schemes. The results in the 2-D case follow along the same lines as the cases considered in [6] , [7] , [8] . Without loss of generality, let the WM be placed on the x-axis at a distance x from the WMR within its operating zone. Fig. 5 shows the NC case with WM detection. Note that all the CRs in the dotted region contribute to the total interference power at the WMR. The following theorem shall be used repeatedly in the further analysis. 
A. WMR Detection
The interference at the WMR with WMR beacon detection is denoted by I NC,WMR,2 , I FC,WMR,2 and I PC,WMR,2 for NC, FC and PC respectively.
Under NC, the characteristic function of I NC,WMR,2 at the 
B. WM Detection
In this section, the characteristic function of total interference at the WMR due to the CR network for NC, FC and PC, denoted by I NC,WM,2 , I FC,WM,2 and I PC,WM,2 are obtained with WM detection.
The situation under NC is depicted in Fig. 5 and 
Γinc(ωr −ε 2 (θ),1+a)dθ , where a = − 
, and is obtained by considering total interference beyond R d + x + R CR from the WMR when there is at least one CR in the detection range.
V. DISCUSSION
In this section, the practical applicability of the expressions derived in the previous sections is explained. Fig. 6a and Fig. 6b show that the C I achieved with 95% service reliability is considerably different in the 1-D and the 2-D cases. As a result, linearity in the CR distribution may be exploited in deciding its transmission parameters. For example, in a 1-D case, the CRs in the network may afford transmitting at a greater power compared to the 2-D case. Also, given a constraint on the C I achieved with a given service reliability, it may be feasible for a CR in the 1-D case to transmit, but not feasible for a CR in the 2-D case to transmit without PC. The gap between the actual performance and the bound in PC decreases with increase in density. Next, FC essentially does not allow any CR to operate beyond certain CR densities. Notice that the FC is only a theoretical limit, it ensures that there is no harmful interference at the WMR and spectrum utilization is not a concern in this scheme. On the other hand, cooperative sensing based on PC assures the CR network communications, thereby improving the spectrum utilization; and also ensures higher C I at the WMR than the NC case. The R CR in PC may be viewed as a dynamically varying parameter. The interference analysis may be used to decide whether or not PC is necessary for a given set of system parameters, and if required, what is the R CR necessary at each CR in the network to achieve a particular C I . Equivalently, given a set of system parameters, the transmission power at each CR in the network may be determined in order to meet the 
VI. SPECIAL CASES
In this section, several special cases regarding the system of wireless microphone system and the CR network are considered.
In the analysis in the previous section, the perturbations to the system were limited to path-loss. The effect of lognormal shadowing, Rayleigh fading and their combination at each CR in the network on the interference at the primary user due to the CR network is considered in [8] . Using the Marking theorem of Poisson processes [12, Section 5.2] and applying [11, Theorem 3] to the CR network, it can be shown that the effect of these additional perturbations is equivalent to analyzing a CR network distributed according to the Poisson process with a density λE Ψ Ψ in the 2-D case respectively, where E Ψ is the expectation operator with respect to Ψ defined in Section II and the path-loss exponent ε 2 > 2. Hence, no additional interference analysis is required for such cases and the result holds for any general distribution of small scale fading and shadowing. Moreover, if the CRs incorporate power 
VII. CONCLUSION
In this paper, characteristic function based interference analysis at the WMR due to the CR network distributed according to a Poisson point process in 1-D and 2-D is considered and the service reliability at the WMR is characterized. The primary user detection technique based on WM transmissions as well as beacons collocated with the WMR are explored. Three levels of cooperative primary user sensing performed by the CRs are considered, namely, NC, FC and PC. The service reliability in the NC and FC cases are completely characterized. A tight upper bound on the interference at the WMR for the PC is established in 1-D and a simpler lower bound for the 2-D case is shown. The PC has a better service reliability than NC and has a better spectrum usage than the FC. The significance of PC is in the fact that the detection range cannot be increased indefinitely as it is constrained by the wireless microphone system hardware, and in case of high density of the CR network, PC helps reduce the interference at the WMR by extending the exclusion region beyond the detection range.
The effect of shadowing, small scale fading, and power control are all shown to be equivalent to scaling the CR density by an appropriate factor using the properties of Poisson processes. The C I performance is characterized when the CRs are both narrow band and wide band devices.
